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A. PUBP0S3 

for certain operations undertaken by tho USA?, it appears desirable to 

be able to erect a low frequency vertical antenna rising to altitudes 

beyond that where conventional, ground-supported tower structures are 

feasible. In addition, the antenna should be portable, staple to erect 

in the field, and perhaps expendable. 

She answer to the specifications noted nay be a lighter-thaa-eir re hide 

supporting a cable or ayetea of cables to serve at ©no* as antennae and 

tethering lines. She ultimate configuration would result from study of 

the characteristics of two principal components, the cables or antennae 

and the supporting vehicle, considering those variables which will have a 

significant effect on satisfactory performance in the light of the 

requirements. 

B. SBHBUL FACTUAL BATA 

1.    Contributing technicians 

William X. Blackburn - Aerodynamic1st, Bachelor of Aeronautical 

Engineering - Bensselaer Polytechnic Institute - fhree years of experience 

at laaaa Aircraft Corporation. 
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Idith J. Polleye - Aerodyiiaaicist - Bachelor of Art*,  lew York 

Unirersity - Seven years experience at Chance Yought Aircraft; Three years 

experience at Eaaau Aircraft Corporation; formal lnglneering Training, 

eight months at Chance Yought Aircraft. 

Lorraine A. Stisitie - Computer, One year experience at Piatt A 

*hit=sy Aircraft as billing machine operator; Six months computer experience 

at Kaaan aircraft Corporation on desk-type calculator. 
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3.    Symbols 

CL 

S 

s. 

c 

7 

¥ 

-    °¥ 

drag 
a   Y2/3 

ilti 

, drag coeffielent 

, lift coefficient 
4 v2/3 

» aerodynamic force in the direction of the relative wind, panada 

• resultant buoyant force of gas, pounds 

« ratio of balloon saxface area to the square of tbe diameter 

for spherical balloons 

= ratio of balloon eeaa length to the diameter for spherical 

balloons 

• ratio of balloon' volume to the cube of the diaaeter for 

spherical balloons 

* aerodynamic force in a direction perpendicular to the relative 

wind, pounds 

« characteristic area, square feet 

• surface area, square feet 

« balloon reaction in a horisontal direction, pounds (usually 

net horisontal component of cable tes&lon) 

* balloon reaction in a horisontal direction, pounds (usually 

net vertical component of cable tention) 

* wind velocity in the free stream, feet/second 

• balloon volume, cubic feet 

- balloon deadweight, or the all-up weight excluding the weight 

of the gae, pounds 
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V2 

¥P 

•s 
d 

Ah 

1 

\ 

*«* 

e*7D 

total weight of balloon envelope,  pounds 

weight of pavloed (instruments, etc.), pounds 

total weight of balloon reinforcing tapss, pounds 

balloon disaster, fset 

vertical displacement of balloon froa equilibrium 

balloon length, feet 

balloon seem length,  feet 

dynamic pressure of air, pounds/square foot 

horisontal displacement of balloon froa equilibrium 

unit weight of balloon enrolope fabric, pounds/square foot 

unit weight of reinforcing tapes, pounds/foot of length/inch 

of width 

ratio of distance froa nose to total length for a streamlined 

balloon 

ratio of radius at any point to naxinr* diameter for a 

streasllned balloon 

angle of attack of a streamlined balloon, degrees 

unit lifting foroe of gas at standard conditions at sea level, 

pounda/cubio foot 

factor to allow for total weight of streamlined balloon over 

the basic envelope weight 

half-cone angle for spherical balloon, degrees 
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Op    *   eleva.ti.c-a angle of top of cable measured froa lower 

tether point 

•   square root of the ratio of aaee density of air at altitude to 

Bias a density at sea lerel 

»   ratio of the length of a balloon to maxima dlaaeter r 
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1. Introduction 

It is the object of this report to present,  in as general form as 

possible,  the analysis of the forces on tethered,  llghter-than-air 

rehicles with no power consuming thrust devices and to investigate tha 

oapabilities of such vehicles as supporting devices for a 2,500-foot high 

antenna sy*tem subject to conditions described in Case b, reference (1). 

In order to establish the feasibility of non-powered lighter-than-air 

vehicles as antenna supports,  it is simplest to examine the characteristics 

of such vehicles considered as captive balloons.    Immediately,  it becomes 

apparent that the total lifting forces and the drag foroes are of primary 

importance.    If it can be established that such a vehicle which will 

support a given cable configuration is of reasonable sise so that handling 

and maintenance problems are not prohibitive,  then of.*     balloon character- 

istics may be considered,    therefore,  the emphasis in this study is on 

the external forces whioh act upon a captive balloon flyiAg under a given 

set of conditions. 

2. External forces on a Captive Balloon 

Figure 1 shows a captive lighter-than-air vehicle in a steady 

wind blowing parallel to the ground,    the balloon is assumed to be 

dlrectionally stable so that the resultant forces and moo. ants acting are 

coplanar.    In addition,  it Is assumed that the system can be designed 

.NS.NH...N* 0«NEB*L WORT COHFIMiTIAL 
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such that moment equilibrium nay be obtained. 

POSJTIVS     DIBECViONS 

Figure 1 

The resultant forces, aerodynamic lift and drag, the buoyant force, and 

the deadweight are shown acting through a common point. This Is not the 

case in general, bat. In studying only the nature of the forces, their 

distribution is of no concern, 

(a) Spherical Balloon 

Considering first a spherical balloon, it is Immediately apparent 

that the aerodynamic lift is exempted from examination since it may be 

taken as sero. Only small lift variation, which may be neglected, is 
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generated when the balloon departs from the exact spherical font. The 

aerodynamic drag of a sphere has been studied throughout a broad range 

of Reynolds numbers, and may be expressed analytically a* 

* D     -    q. S OD (1) 

where the drag coefficient, 0$. nay be obtained from any suitable source 

such as reference 2 (see Figure 112) at the proper Reynolds umber,    If   8 

is interpreted as the maxlmuD crose-sectional area, equation (l) Is 

written in terms of the diameter 

q  IT   d* c^ 
<2) 

In reference 3 a convenient method for determination of the TOlume of a full 

balloon of the shape shown in Figure 2 is presented. 

Figure 2 
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The rolume is given In reference 3 as 

•       -       Kv   d3 (3) 

where Ey is plotted ia Figure A-30111-A, shown in this report as Figure 5, 

as a function of the cone angle 2 0. The buoyant force of the balloon 

is easily obtained at any desired altitude by multiplying the volume of 

the balloon by the unit lifting force of the particular gas used. Thus 

^ <fo % d? (4) 

Beference 3 also provides a basis for estimation of the weight of the 

envelope, tapes, harness and other structural components for a given 

diameter balloon for various grades of fabric. The total surface area 

and seam length for the shape shown in Figure 2 is easily established in 

terms of the diameter for & given cone angle, 

S,  -  IA  d
2 (5) 

1.   »   Ig d (6) 

Where X^ and ig are obtained from figures A-30112-A and A-30U3-A respectively 

of reference 3,  shown in this report as Figures 6 and 7 respectively. 
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fhe weights ot the envelope and seaaffare than 

»   IA A"     ur% 

w*       '   *Sd      "• 

(7) 

(8) 

She weight of the suspend~ htrrsss for tethering and payload suspension 

ia not rigorously established, bat an estimate which increases the 

envelope and tape weight by two percent is sufficiently accurate from 

study of data presented in reference 3 on typical high altitude balloon*. 

The pay load is a weight iten controlled by specification and, hence,  the 

deadweight of a lighter-than-air spherical balloon may be expressed as 

(*E     •    Wa) 1.02   •    Vp 

1.02 (KA d2   v#    + Kg dVg)    •    ¥p (9; 

(b) Streamlined Balloon 

WUBU Bdolyz 1U& a streamlined balloon,, it ie necessary to 

include the aerodynamic lift contribution to the vertical force along 

with buoyant force. Because of the infinite variety of forms which might 

be considered for use as a streamlined balloon, it becomes more convenient 

to think ir- terns of the volume rather than the diameter as in the case 

ENGINEERING   GENERAL   REPORT COBriBSBIIAL 
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of the Spherical Balloon.    Accordingly, lift and drag ar* written 

L       -        qV2^3    (^ (10) 

q V2/3   CD (11) 

where the lift and drag coefficients are obtained from any suitable source 

such as reference 4. 

The buoyant force is simply the product of the volume and the unit lifting 

force of the gas,  thus 

*B     -  T crJT (12) 

A proper estimation of the deadweight of the streamlined balloon is 

complicated considerably by the infinite variety of shapes that might be 

used and by the fact that allowance must be made for the weight of stabilising 

fins of variable sise used in streamlined shapes. Fortunately, the 

envelope weight is small compared to other forces and relatively large 

errore here do not significantly affect the final results. However, ao 

a basis for estimation, expressions found in reference 5 may be utilised, 

Equations (71) and (72) in reference 5 define the shape of a standard 

streamline form where equation(71) defines the shape for the front part 

of the balloon and equation(72)the rear part of the body: 

ENGINEERING   GENCHAl.   J»C»»0«T •amtt  NO   « •* 1M HI 
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<*/L)2   +    0.16 y2   -    0.16        (-  .1*0 *     */L  £  0) (13) 

C/D2   *   0.0679 jr2   • 0.2921 y   « 0.3600 (0£ ^/L^^O)       (1*0 

wbtre the origin for   x    la located 40jf aft of the nose.    Rotating the corvee 

about the ^ - axle results In a    solid of revolution.    A simple Integration 

gives the volume in terms of the diameter and fineness ratio, l/d, as 

T       «        .151 X   TT   d3 (15) 

From reference 5, equation (73)» the wetted area Is given as 

S,       -       2.55      V71     •   1'22   d <l6) 

Substituting for 1 in terms of the fineness ratio and d as defined by equation 

(15), equation (lb) becomes 

St   -  3.84 V 
2/3 X   1/3 (17) 

The weight of the basic envelope is then simply the product of the wetted area 

and the unit weight of fabric. 

In addition-to the basic envel.oe, other items to be considered 

are reinforcing tapes, suspension ropes, any valuing arrangements, and, most 

Important, the stabilising fins. The area, hence the weight, of the stabilisers 

ENGINEERING   GENERAL   REPORT ronMNO   Itliaisi 
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is largely a matter of stability requirement!, but because an approximation 

of ttas balloon weight to ton percent accuracy is needed for the purpose 

of this report, it seen Justified to exaaine sons model configurations to 

determine the surface area of fins for typical configurations. This model 

study permits determination of a factor, J^ , by which the basic envelope 

weight aay be multiplied to account for the weight of fins, ropee, etc. 

Che deadweight of the streamlined balloon may then be written 

3.8*7 T2/3 r 1/3*4«. Wp        (18) 

3. Cable joacJLiQJ J°r—*t f2 anj «fr, <* » n»p^~ n.11^ 

The force components, Tj and Ty, represent the forces which must be 

supplied by the tethering oable to maintain force equilibrium along the 

vertical and horisontal directions for either the streamlined or spherical 

configuration. 

The equilibrium of forces In the vertical and horizontal directions 

is writton as (see Figure 1) 

£?x   -   D-Tx -  0 (19) 

£ry   «   L • TB - V - Ty  •  0        (20) 

INGINCIHING   OINIHAL   HlfORT I'tillSI llMB HI '0""   ""   * " rM •*' 



AMD sv_ 

aomumtua, 
THE KAMAN AIRCRAFT CORPORATION 

WINCWOM LOCKS, CONN. 

CMSCKSU SY  

ncvisco *v  

15 

RKPOWT NO  . 

MomtL 

0-62 

ANALYSIS OF 

where positive forces are taken In the direction indicated by arrows la 

Figure 1, page 8. 

lor the spherical balloon, Baking proper substitutions for lift, drag, 

buoyant fares, and deadweight, equations (19) end (20) beeone 

9j       -    ^o Ird3 - 1.02 frr^d2 +&0L&) - w>      (22) 

Similarly, for the etreaalined balloon 

%       -       q T2/3 0D (21a) 

TY       "        ^X * T<T io - 3.84?T2/3T l/3% - Vp      (22a) 

*.   Balloon Si so Dstoralnatlon of   Three Cable Tojhoxjflg jj 2500 foot 

A typical calculation ie performed at this point to illustrate the 

aethod ussd to de+eralne & balloon else for either a spherical or a etrean- 

llaed captive balloon, heliua-fllled,  in a 50 knot windo 

01 van: 

0     •       50 Knots 

Wp    »        0 

<T<£   •        'Oft It/f*3 *«* heliua at eea level 

Froa ths Table of Weighta, reference 3 

,    W.    -     .01^4 lb/ft2    (Typical) 

w»   •     .00Z7 lb/ft/in (Typical) 
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(*)   iMaltent yorote g » Sphsrloal lalloon 

Asssa* 0   »    60° 

Iroa rsfsrsnce 3 

XT  "  .52626 

**  - 3.1579 

Ig - 1.5976 

lbs Bsjrnolds ooabsr Is sufficisntly high throatbout an appreciable 

disaster rang* so that, froa refsrones 2, rigor* 112, 

Cj)  • 0*21  . 

h       —f^-* 
« (8.})^,21)(42> 

-*    1.4d2 

IT     -  OVoBfd3 - 1.02 (VJUA2 + V^d) ~ Vp 

=    (.52628) (.061)4* - 1.02 £(.0144)  (3.1579)d2 

• (.0027)  (1.5976)d| 

«    .032d3   -    .0U6d2   - ,004d 

Tim oarrs of Tsrticsl vsrsas borlsontal fores is plotted In figure k for 

ssTsral disasters with no pay load* 

(b)    Bssnltant Toross on a Strssallnsd Balloon 

Assua* ths barnsss Is designed to operate the balloon at ths angle 

of attack for wmximm ^/B.    From reference 4 

C«     • 0.114 

CA     » 0.340 
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at 15.1* angle of attack. 

Alto from reference * 

f .     A   .   1222. 
4 352.2 3.6 

ffcen 
»t   -   q On T2^3 

»    (8.5) (.114) T2^3 

- .97 Y2'3 

^   -   qClT2/3   *gr^T - 3.847T2/3tl/3v# _ ^ 

- <8.5)(.3*0)Y^3 • .0617- (3.8i*)(1.533)(2)(.01^)T2'/3~¥p 

«    2.72 T2/3    •    .061T 

where the envelope weight Is assumed to bo doubled by the addition of 

fins, etc., that U   /?  • 2.0. 

She curvm of Tortieal versus horisontal fores is plotted in figure 4 for 

streamlined balloons of various volumetric capacities. 

(e)    Bosultant forces on a typical Cable Configuretion 

She remaining curves appearing in Figure k represent the variation 

in cable tension components for typical three-cable configurations at various 

displacement* from the origin which is located at the equilibrium position 

in space assumed \sj the balloon in sero mind.    The points on these curvets have 

been calculated using methods described in reference 6.    She cable disposition 
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V       / 

/* 

\J J> 
i» shown bslsu in Vigors 3 1 

/ 

/ 
^ 

<^r// 

* M hfe/ 

Jigore 3 

Data applying *» ••oh of thrss stssl oablss is littsd bslov: 
• 

Initial cable tag, m- .05 

Cable disaster m .221 in. 

Unit weight m ,0833 lb/ft 

Wind velocity, U m 50 knots 

It is apparent, for a given cable configuration, that the balloon which will 

support It is dsternlned by the intersection of the cable load curves with the 

balloon load curve, such as points A, B, C. 
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5. Plecuselon 

It should be noted that the numerical results presented in this 

report represent typical configurations and should not be considered necessarily 

to represent the optimum without further study. However, as far as the 

vehicles are concerned, the parameters which are not specified hut are 

subject, within limits, to design choice, are eelected as being nearly 

representative of actual conditions. Therefore, it appears that no 

significant performance changes ehould be expected in the detail design of 

either a spherical or streamlined balloon. 

The cable systea, which oust supply the reaction* to vehicle loads, 

•ay be subject to a wider variation in the loads it produces depending upon 

the function of the cable, its orientation with respect to the wind, ite 

initial sag, and its physical characteristics. It seems probable that a 

smaller, lighter cable than that chosen for illustration would lack 

sufficient tensile strength with a proper margin of safety, particularly for 

the gust condition of 87 knots. 

Thus, as is aade apparent in Figure k,  because of its extremely 

low ratio of total lift to drag forces in a 50 knot wind, a spherical 

balloon is unsuitable as an antenna support under conditions specified under 

Case B of reference (1). More generally, the superiority of the streamlined 

balloon crer a spherical balloon for antenna-support purposes is so clearly 
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ANALYSIS Or 

Indicated that spherical balloons do no warrant further consideration under 

any conditions. 

In the oaae of a single cable configuration, fable III (d) shows 

that neither a spherical nor a streamlined balloon may be used as an antenna 

support under conditions described under Case B reference (l) because a 

single cable must be carried excessively far downwind before the tension has 

an upwind component whieh is, of course, required by a support vehicle with 

no external power source. 

A streamlined balloon, because of its greatly reduced drag and Its 

aerodynamic lift, appears satisfactory as an antenna support vehicle at least 

for a three-cable system. Tor a typical set of cable loads, Line A of figure k, 

equilibrium of a streamlined balloon, the volume of which may be easily computed 

using equation (21a), is established when the balloon has moved approximately 

35 fest downstream from the origin. The volume of the balloon ie 35000 feet^, 

which, for the choeen i igth-diaiteter ratio of 3.6, is 98 feet long and has 

a maximum diameter of 27 feet. The question may arise , after study of 

figure k,  as to the reason for the choice of a balloon of this else when it 

appears that a smaller volume of 21,500 feet^ could be utilised by allowing a 

drop of 50 feet in altitude so that the intersection of the cable curve. Line C, 

with the streamlined balloon curve occur* at point C. It is readily seen, 

however, that the direction of the wind has a significant effect on the cable 

loads. This becomes apparent from comparison of Line A and Line A, (figure k) 

whare only the wind direction ie changed from one case *o another. For Line A 
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! 

wher* the wind is blowing Along one cable with tho other two symmetrically 

displaced downwind (So* Figaro 3. wind dlrootion A) too resulting loads on 

a balloon are lower than for the case Line A, wherv the wind is whif ted 180°. 

Making a conservative allowance for this fact coupled with a 50 ft drop in 

altitude leads to the choice of a 35.000 ft-* streamlined balloon to limit 

horizontal displacement in a fifty knot wind to less than 200 feet. 

It should be emphasised here that the specific task the balloon 

Is required to perform determines Its sise and no general statement which is 

perfectly valid for all cable systems should be mads, aside from the obvious 

fact that a streqnlined balloon is superior in every case to a spherical 

shape. It is clear, however, that when cable loads are completely established, 

no difficulty is to be expected in selecting a satisfactory balloon for a 

supporting vehicle. 

1 
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B.      COICUJSIOBS 

(1) A satisfactory method la established to determine the aerodynamic 

characteristics of lighter-than-air non-powered captive balloons of tooth 

spherical and streamlined shape. 

(2) The ratio of vertical to horisontal foreas doaa not significantly 

change for a balloon of given volume under given wind conditions for aamll 

changes in detail design parameters. 

(3) Spherical balloons stay be eliminated from consideration aa airborne 

antenna support vehicles under conditions of Case B, rafaranea (1). 

(4) For a single cable configuration,  it appears that neither a 

streamlined nor a spherical balloon would be a satisfactory support under 

conditions listed under Case B, reference (1). 

(5) A streamlined balloon, having a volume of 35,000 ft-', a length of 

98 feet, and a diameter of 27 feet weald be a satisfactory antenna support 

vehicle under conditions listed under Case B, reference  (1). 
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1OS0LWBT VOBCSS OS A SPHERICAL BALLOON 11 1 *0 DOf WIBD 

vwaam 
n 

70LDMB 
T0 

YIBSPICAL 
fOBCl 

LB 

aORIXOWAL 
fOBCl 

LB 

0 0 0 0 

10 526 27 140 

20 4210 238 560 

30 14210 823 1260 

4o 36800 1974 2240 

47 54640 3221 3093 

JBBS&^a 

ittSOLTATO FQBC1S 0B A agBliMLIlF" BjLL00j| II A SO POT WIHD 

TOLDMB 
1*3 

VBBTICAL JOBCB 
LB 

HDBIZ0B1AL 70ECX 
LB 

0 

10000 

30000 

60000 

0 

1323 

4456 

7829 

0 

450 

937 

1467 
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torn HI di 
BBMIB ftAW.1 BIAttMOBS II A SO PPT gPSD 

three steel cables at 120° to each other 

QP - 60° (each cable) 
Vial direction A (See figure 3 Page IS ) 
Cable diaaeter « .221 inciws 
Cable weight   - .0633 lh/ft 

YKfXGAL 

Ay    "It 

B0SIZOBT1L 
BISFLACBOM 

As    -»t 

VJSTICAL 
10BCB 

Lb 

aOEIZOWAL 
10BCI 

Lb 

-556 0 0 3083 

30 3994 264 

32 4316 446 

36 5757 1332 

-25 0 2127 - 595 

30 2233 - 424 

60 2657 -   73 

75 3780 6*6 

-50 0 1701 - 604 

100 2319 -  21 

no 2728 261 

118 3704 903 

119.5 4i63 1201 
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raas HI m 

Bares steel cables at 120° to each other 
Op *    60°   each cable 

Wind direction "B» (see Vigors 3, Page 18) 
Vertical displacement, Ay   «   0 

Cable diameter       *    .221 inches 

Cable weight *    .0833 lb/ft 

BOSIZOKAL 
BISFULOMDR 

4X - ft 
TBS IGAL VGRGI 

f7   -    Lb 
BDBIZORAL fOSCB 

0 30*9 - 318 

30 3875 li* 

60 5351 .680 

64 5970 900 

66 6W? 1061 

T-flff.l HE  fc) 
BISOLBUP CABU BEACTIOHS II A SO OPT WHD 

Three steel cables at 120° to e&oh other 
0» •    75° each cable 
Wind direction A (See figure 3. Page 16)    Vertical displaceaent.^7   *    0» 

Cable weight *    .0833 lb/ft Cable diameter .221 inches 

HoaizraiAL 
DISPLACJMBT 

x   - ft 
VKBfICAL FGEC3 

fr - Lb 
HDHZZOWAL fOBCI 

Tx - Lb 

0 

30 

50 

60 

3*12 
3OMO 

kj6k 

5906 

-653 

-198 

286 
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IttU HI (A) 

aaa&ya siam tg&szifis aiAJtPjass mn 
Sln&Ls steel cable 
«p   -      90° 
Cable disaster -    .383 laches 

Length   >    2500 Ft 
Cam* wsUht   -    .25 lb/ft 

YIRTICAL 
DISPLACMW 
Ah - It 

H)RXZQR4L 
SISPULCMDBR 
Ax - ft 

YIHICAL I0SCB 
f y - Lb 

BDRZZ0SAL V0BCB 
fx- Lb 

51 

100 

209 

500 

70C 

1000 

2408 

2427 

-    3 

-206 

-5a 
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